To assess the feasibility of macular integrity assessment (MAIA) microperimetry (MP) in children. Also to establish representative outcome measures (differential light sensitivity, fixation stability, test-retest reliability) for children without visual impairment.
M icroperimetry (MP) is a method for mapping contrast sensitivity across the visual field. 1 Unlike related techniques, such as standard automated threshold perimetry, MP incorporates fundus imaging, and uses eye tracking to correct for eye movements and/or noncentral fixation. This allows MP to relate measures of visual function to precise locations on the retina, making it particularly well suited to assessing subtle changes in visual function. In clinics, MP is used most widely to diagnose and monitor macular degeneration 2 -a disease that predominantly affects the elderly. Increasingly, though, there is a desire to use MP with children, for example, to assess the efficacy of gene therapies for inherited retinal dystrophies. [3] [4] [5] However, there are outstanding questions regarding the feasibility and reliability of MP in children. The test requires participants to sit still and to remain vigilant for extended periods, and it is unclear how these demands affect completion rates or measurement reliability. Furthermore, while there have been numerous studies of test-retest reliability in adults, [6] [7] [8] [9] [10] [11] [12] [13] [14] a lack of equivalent data in children makes interpreting test data problematic. For example, failure to evidence a change in sensitivity before and after treatment could be due to (currently unknown) levels of measurement error, while spurious improvements in sensitivity could be misreported due to our current ignorance of practice effects. Finally, there currently exist no normative databases for children (existing norms are based exclusively on populations aged 18þ years [15] [16] [17] ). In terms of MP's use as a diagnostic method, it is therefore unclear at present what constitutes ''normal'' performance for healthy children.
The goals of the present study were twofold: to assess the feasibility and test-retest reliability of MP in children, and to establish age-appropriate outcome measures (sensitivity, fixation stability) for healthy children aged 9 to 13 years without visual impairment.
piloting that they were often too physically small to operate the MP comfortably (see next section).
Normal vision was assessed by an Early Treatment Diabetic Retinopathy Study (ETDRS) recognition acuity chart (uncorrected monocular acuity 0.50 logMAR; M ¼ 0.0), and also by a brief parental questionnaire. Children were recruited via advertisements in the local area and received small toys and certificates for participating. Adults were recruited through the University College London (UCL) psychology subject pool and received £7 compensation for their time.
Prior to testing, written consent was obtained from all participants (adults) or a responsible caregiver (children), and children gave verbal (<10 years) or written ( ‡10 years) assent to participate. The research was carried out in accordance with the Declaration of Helsinki and was approved by the UCL Ethics Committee.
Macular Integrity Assessment (MAIA) Microperimeter
Microperimetry assessments were carried out using the MAIA (Centervue, Padova, Italy). This device was selected as it has a dynamic range wide enough to avoid ceiling effects in healthy observers, and because it is capable of operating without the use of mydriatics (minimum pupil size: 2.5 mm). This is important as children often find mydriatrics unpleasant and because the use of mydriatrics can also distort the results of static perimetry (e.g., underestimation of differential light sensitivity 18, 19 ). The MAIA uses a 25-Hz eye tracker to monitor fixation, performs retinal imaging using a scanning laser ophthalmoscope, and generates targets by projecting light from a white light-emitting diode (LED) directly onto the retina. For present purposes, the principal limitation of the current MAIA device is that because of its current design, young children are often too short to reach the chin rest when seated Centervue states that child-friendly modifications of the forehead and front-rest assembly are currently being developed). Testing was therefore restricted to 9-to 12-year-olds. In contrast, we have previously used the Nidek MP-1 (Nidek Technologies, Padova, Italy) to test small numbers of patients as young as 5 years old. 3 However, the MP-1 was not appropriate for the present study, as its limited dynamic range means that healthy observers would be expected to perform at ceiling. 8, 20 
Test Protocol
Participants completed three MP examinations within a single session. Examinations used the MAIA's default test parameters and its standard 108/37-point test pattern (see Fig. 1 ). All testing was conducted monocularly, with the participant's nondominant eye patched, and testing took place in a quiet, darkened room (0.29 lux; Amprobe LM-120 Light Meter; Danaher Corporation, Washington, DC, USA). Before testing, participants underwent a brief period of training, allowing them to familiarize themselves with the stimulus target and practice correct operation of the response button. In total, testing took approximately 40 minutes, including an initial adaptation period of 7 to 10 minutes and including a short (3-5 minutes) break between each successive test. Participants remained within the same darkened room during these breaks to avoid having to readapt.
Primary Outcome Measures
Pointwise Sensitivity (PWS). This is the minimum luminance contrast that the observer reliably reported seeing at a particular test location (n ¼ 37). This is otherwise known as differential light sensitivity and is the principal output of the MAIA. In accordance with perimetric convention, PWS is reported in decibels of attenuation, thus:
where DL jnd is the smallest differential luminance level that could be reliable detected (as estimated by the MAIA), and DL max is the greatest differential luminance level that the MP device is capable of producing. For the MAIA, DL max ¼ 1000 apostilb (asb), and the smallest possible value of DL jnd is 0.25 asb. The dynamic range is therefore 36 dB, with PWS dB ¼ 0 and 36 representing floor and ceiling performance, respectively. Mean Sensitivity. This is an overall index of luminance sensitivity, computed as the arithmetic mean of all 37 PWS values for a given test:
95% Coefficient of Repeatability (CoR 95 ). This is a measure of test-retest reliability based upon the variance of within-subject, intertest differences. 21, 22 Also known as the smallest real difference (SRD), the CoR 95 is directly related to the 95% limits of agreement (LoA) proposed by Bland and Altman. 21, 22 CoR 95 was computed separately for both mean sensitivity (MS) and each of the 37 PWS values, and this was done for every test repetition (exam 1 vs. 2, exam 2 vs. 3) and both age groups (children, adults). The formula for CoR 95 is
where std is the sample population (''Bessel'') corrected measure of standard deviation. 95% Bivariate Contour Ellipse Area (BCEA 95 ). This is a measure of fixation stability, computed based on the bestfitting ellipse containing 95% of the raw fixation coordinates FIGURE 1. The test pattern, consisting of 37 locations distributed within a 108 diameter area. Targets were Goldmann III (0.438 radius) circles of variable intensity, presented against a uniform 4-asb background. The maximum differential luminance of the target was 1000 asb, yielding a dynamic range of 36 dB. Target intensity was adjusted in 4-dB/2-dB steps, using a 4-2 threshold strategy. Target locations were determined by a radial grid consisting of a single central point, and three loci, at 18, 38, 58 eccentricity. The cardinal locations, marked with asterisks, were tested first, followed by all other locations in random order (interleaved). During testing, participants were asked to maintain fixation on the central red annulus, which was 0.58 in radius.
from a given test. 23, 24 Note that this measure was preferred over the arbitrary, discrete heuristic of Fujii and colleagues 25 (''stable'' if 75% < j28j, ''relatively unstable'' if 75% < j48j, ''unstable'' otherwise), which is less statistically powerful, and which has been shown to correlate less well with reading speed. 24 The formula for BCEA 95 is
where r H and r V is the (corrected) standard deviation of horizontal and vertical fixation coordinates, respectively, and q is the product-moment correlation of these two variables. Note that 5.99 » À2ln(0.05).
Statistical Analysis
Data were analyzed in Matlab (The Mathworks, Natick, MA, USA). For all statistics, 95% confidence intervals (CI 95 ) were computed via bootstrapping (n ¼ 20,000), using the biascorrected and accelerated-percentile (BCa) method. 26 A nonparametric bootstrapping procedure, similar in principle to a Mann-Whitney U test, was also used to evaluate differences in CoR 95. For example, to compare repeatability (exam 1 vs. 2) between children and adults, 32 paired-samples MS values (MS exam1 , MS exam2 ) were independently randomly drawn from the empirical data for each age group. These were used to compute two independent estimates of CoR 95 . The difference in CoR 95 was then computed (Children CoR95 À Adults CoR95 ). This procedure was repeated 20,000 times. The P value was then computed as 2x, where x was the proportion of these 20,000 differences that had the opposite sign to the observed difference in CoR 95 .
To ensure normality, BCEA and test duration data were logtransformed prior to parametric analysis.
Raw Data Repository
All reported data are available as Supplementary Material.
RESULTS

Completion Rates
Of 33 adults enrolled, 32 (97%) completed all three tests successfully. One adult was excluded as their eyes could not be tracked reliably by the MAIA (zero tests completed).
Of 33 children enrolled, 28 (85%) completed all three tests successfully. Two children were excluded as their eyes could not be tracked reliably (zero tests completed). Two children were excluded as they were restless and uncooperative (fewer than three tests completed, noisy and unreliable data). One child was excluded due to a freak technical error (the response button broke and had to be replaced).
Test Duration
As shown in Figure 2 , mean test duration was consistently greater for children (M ¼ 5.8; SD ¼ 0.8 minutes) than adults (M ¼ 5.1; SD ¼ 0.4 minutes). To assess this difference formally, a 3 3 2 mixed-model ANOVA was run, with a within-subjects factor of exam number (three levels: 1, 2, 3), and a between-subjects factor of age (two levels: child, adult). There was a significant main effect of age (F (1, 58) ¼ 44.98, P ( 0.001), indicating that test durations were consistently longer for children than adults. There was no main effect of exam number (F (2, 116) ¼ 0.74, P ¼ 0.480), and no interaction between age and exam number (F (2, 116) ¼ 0.57, P ¼ 0.568), indicating no substantive effects of learning or fatigue on test duration. Figure 3A shows MS for children and adults, as well as normative reference values (black lines). Across all exams, group mean MS was 29.2 dB in adults (SD ¼ 1.5) and 27.3 dB in To analyze the data, MS values were entered into a 3 3 2 mixed-model ANOVA (exam number 3 age). There was a significant main effect of age (F (1, 58) ¼ 34.12, P ( 0.001) and no interaction between age and exam number (F (2, 116) ¼ 0.65, P ¼ 0.526). Together with Figure 3B , this confirms that children exhibited consistently lower MS scores than adults. There was a significant main effect of exam number: (F (2, 116) ¼ 14.18, P ( 0.001), confirming that MS scores improved across exams (Fig. 3B ). Post hoc tests showed that this practice effect was confined primarily to the first examination, with significant differences between exams 1 and 2 but not between exams 2 and 3 for either age group (see Table 1 ). Similarly, adult MS values were significantly lower than the mean normative value of 29.78 dB in exam 1, but not in exam 2 or 3 ( Table 1 ). Children's MS scores were consistently lower than the mean of the (adult) normative data throughout.
Mean Sensitivity
Pointwise Sensitivity
To examine how luminance sensitivity varied across the visual field, Figure 4 shows mean PWS values, averaged across children ( Fig. 4A ) and adults (Fig. 4B ).
The hill of vision was apparent in both children and adults, with sensitivity decreasing as a function of eccentricity (note that sensitivity in the central point was depressed, due to a known effect of simultaneous masking by the fixation target 27 ).
Comparing between children and adults, the previously established difference in MS consisted principally of a uniform reduction in PWS across the visual field, with children exhibiting significantly lower PWS values at 35 of 37 locations ( Fig. 4C ; DPWS 37 : M ¼À1.9; SD ¼ 0.5 dB). However, as shown in the lower part of Figure 4C , the difference between children and adults did tend to be somewhat smaller for near (eccentricity ¼ 18: mean DPWS ¼ À1.7 dB) points than for intermediate (38: À2.14 dB) or far (58: À2.14 dB) points. The cause of this difference is unclear, but a pure order effect can be discounted, since test trials for the outermost (58) and inner (18) loci were randomly interleaved.
Test-Retest Reliability
Bland-Altman analyses were used to compute the 95% coefficient of repeatability (CoR 95 ) for each repetition (exam 1 vs. 2, exam 2 vs. 3) and each age group (children, adults). For each of these four permutations, CoR 95 was computed once for MS, and independently for each of the 37 individual locations. The principal results are given in rows 19 to 22 of Table 2 , shown after comparable data from nine previous studies. Where required, values for previous studies were derived from figures or recalculated from raw data; in some cases this required assumptions of normality and/or statistical independence between tests. Instances where no estimates could be recovered from the reported data are marked with a dash ('-'). Values likely to be confounded by ceiling effects (e.g., healthy adults using the MP-1) are given in italics. These numbers were omitted when computing mean-averages (final rows of table). For ease of comparison, all MP-1 mean sensitivity (MS) values have been rescaled into MAIA decibel units (see Equation 1 ). ABCA, Stargadt's disease (ABCA4 mutation); XLRS, X-linked retinoschisis; LTG, low-tension glaucoma; IRD, inherited retinal diseases. * Twenty-nine patients provided test-retest data (22 with ABCA4-associated retinal degeneration, 7 with retinitis pigmentosa with no known molecular cause). Of these, 21 were tested within a single session, 8 were tested with an average of 6.9-month interval (disease types not specified). † Also supplied test-retest data for participants after two runs practice (different eye), and at a 6-month follow-up (data not reported here). ‡ Individuals with a range of stable macular function, with and without central scotoma. Specifically, normals (5), LTG (1), POAG (4), Stargardt's (1), IRD (2), AMD (3).
Repeatability of MS. The mean CoR 95 for MS was greater (worse) for children than adults ( Fig. 5C ; 2.7 vs. 2.3 dB). Using the bootstrapping analysis described in the Statistical Analysis section, the difference between children and adults was not significant when comparing either of the two individual repetitions (exam 1 vs. 2: P ¼ 0.104; exam 2 vs. 3: P ¼ 0.060), but was significant when CoR 95 values were averaged across both repetitions (main effect: P ¼ 0.036). Thus, MS values were less reliable for children than adults. There was an indication that reliability may improve with practice, with CoR 95 decreasing from 3.0 to 2.4 dB in children and 2.6 to 1.9 dB in adults (Figs. 5A , 5B). However, this difference was not significant, either when averaging across age groups (main effect: P ¼ 0.065) or when comparing within each age group (children: P ¼ 0.110; adults: P ¼ 0.164).
There was a small but significant relationship between variability (jDMSj) and sensitivity (mean MS), with greater variability at lower sensitivities (Pearson's linear correlation: r 118 ¼À0.36, P < 0.001; data aggregated across all conditions).
Repeatability of PWS. The mean CoR 95 for PWS was greater (worse) for children than adults ( Fig. 6A; 6 .2 vs. 5.7 dB). This overall difference was significant (P < 0.001), and age differences were also significant when making post hoc, between-subjects comparisons within each repetition (exam 1 vs. 2: P < 0.001; exam 2 vs. 3: P < 0.001). Thus, PWS values were less reliable for children than adults. However, there was no indication that differences in reliability between adults and children varied systematically across the visual field (Figs. 6B,  6C ).
Across repetitions, CoR 95 decreased from 7.3 to 5.2 dB in children (exam 1 vs. 2 versus exam 2 vs. 3) and from 6.5 to 4.8 dB in adults. The decrease in CoR 95 with practice was significant when averaging across age groups (main effect: P ¼ 0.018). However, when each age group was analyzed independently, the decrease in CoR 95 was borderline significant for adults (P ¼ 0.040) but nonsignificant for children (P ¼ 0.063). Thus, the present sample provided positive but weak evidence that test reliability improves with practice.
There was a small but significant relationship between variability (jDPWSj) and sensitivity (mean PWS), with greater variability at lower sensitivities (Pearson's linear correlation: r 4438 ¼ À0.22, P ( 0.001; data aggregated across all conditions). This effect persisted even when mean PWS values greater than 28 dB were excluded (r 2237 ¼ À0.39, P ( 0.001) (i.e., variability is likely to be systematically underestimated for sensitivities near ceiling. For example, a mean PWS of 35 dB could not, by definition, have a test-retest increase greater than 2 dB, as the maximum score was 36 dB). Figure 8A shows group mean contour ellipses, averaged separately within children and adults. It is clear by inspection that children were poorer at maintaining their gaze on the fixation target (geometric mean BCEA 95 : 4.58 vs. 1.14). This meant that children frequently fixated target areas 38 eccentric, while adults' gaze was predominantly localized to within the central 18.
Fixation Stability
To assess this age difference formally, a 3 3 2 mixed-model ANOVA was run (Fig. 8B) , with a within-subjects factor of exam number (three levels: 1, 2, 3), and a between-subjects factor of age (two levels: child, adult). There was a significant main effect of age (F (1, 58) ¼ 20.86, P ( 0.001), indicating that fixation stability was consistently lower for children than adults (see Fig. 8B ). There was also a main effect of exam number (F (2, 116) ¼ 5.35, P ¼ 0.006), indicating an effect of learning or fatigue. There was no interaction between age and exam number (F (2, 116) ¼ 0.47, P ¼ 0.629).
Furthermore, 3.3% of children's gaze samples exceeded a velocity criterion of 208/s (Fig. 8C) . This indicates that children were making rapid eye movements 3.3% of the time during testing. In contrast, only 1.2% of adults' gaze samples exhibited substantial eye movements. This main effect of age on %High-Velocity was highly significant (F (1, 58) ¼ 38.91, P ( 0.001), indicating that children not only moved their eyes over a greater spatial extent (Fig. 8A ), but also exhibited more frequent eye movements (Fig. 8C) . There was also no main effect of exam number (F (2, 116) ¼ 1.85, P ¼ 0.163), and no interaction between age and exam number (F (2, 116) ¼ 0.55, P ¼ 0.578).
To further investigate possible learning/fatigue effects, the standard distance deviation (SDD: a two-dimensional analogue of standard deviation) of raw fixation coordinates was computed for successive 15-second time bins. The results are shown in Figure 8D , averaged within age groups. By inspection, it can be seen that fixation stability was relatively constant in adults throughout the period of testing (fitted regression slope: b < 0.001). Conversely, children's fixation stability improved throughout exam 1 (À0.0288/min), becoming most stable by approximately 2.5 minutes into exam 2, after which point stability deteriorated until the end of testing (b ¼ 0.0248/min). This pattern is most parsimoniously explained by an initial period of learning, followed by mounting fatigue.
As shown in Figure 8E , there was a significant relationship between fixation stability and test performance (Spearman's rank correlation of logBCEA 95 versus MS: r 178 ¼ À0.44, P < 0.001). Greater fixation stability predicted greater MS, and changes in fixation stability explained 19% of the variability in MS. A multiple regression containing both logBCEA and age was able to explain an additional 13% of the variability in MS (R adj 2 ¼ 0.32, F (3, 176) ¼ 29.19, P ( 0.001), and age was also a significant predictor in the model (t 177 ¼ 5.55, P < 0.001). This Test-retest reliability for PWS (pooled PWS analysis): same format as Figure 5 . The analysis in (C) is an alternative to that given in Figure  6A , and yields qualitatively identical results. However, instead of averaging over independent reliability estimates made at each location, in the present case data from every test location are pooled together to provide a single estimate of PWS test-retest reliability. This analysis is insensitive to any potential location-specific differences in PWS reliability, but is computationally easy, and is provided here for comparison with previous studies (e.g., Refs. 6, 10, 14).
indicates that some, but not all, of the age-related difference in sensitivity was related to fixation stability. Note that it was not the case that both logBCEA and MS were simply comorbid upon age, since within-subject changes in fixation stability also predicted changes in MS between exams (r 58 ¼ À0.21, P ¼ 0.019). However, we cannot, with the present data, prove a direct causal link between fixation stability and sensitivity, and it may be that logBCEA and MS are associated via a third, more general factor, that varies with age, such as attentiveness.
DISCUSSION
The results indicate that MP is feasible in children, but that it is somewhat slower and less reliable than in adults. They also demonstrate that normally sighted children exhibit systematically lower sensitivities. Norms for classifying abnormal vision should be modified accordingly when assessing children. As has been reported previously in adults, 10 there was strong evidence of learning between the first and second examinations, and in future it may be desirable to build some form of formal practice component into MP test protocols. However, any additional demands upon participants should be tempered against possible signs of fatigue, as fixation stability in children deteriorated toward the end of their third examination.
Feasibility and Reliability
In terms of completion rates, the results were encouraging, and were similar to values reported previously for children performing standard automated threshold perimetry. 28 Although more children (five) than adults (one) failed to complete all three MP assessments, only two of these failures were due to fatigue or fussiness. The individuals (two children, one adult) excluded due to poor eye tracking could likely have been tested after administering mydriatics, and this was confirmed post hoc in the one adult participant (0.5% tropicamide). The remaining 28 children completed all three exams successfully and generally exhibited good test compliance.
Compared with adults, children's test results were less reliable in terms of both PWS (CoR 95 ¼ 6.2 vs. 5.7 dB) and overall MS (CoR 95 ¼ 2.7 vs. 2.3 dB). However, from a clinical perspective, the mean difference between children and adults was relatively small (~0.5 dB). What may be more of a concern is the relatively large amount of variability observed in both children and adults. These levels were similar to those reported previously for adult patients and controls (Table 2) , and represent a relatively large degree of measurement error. For example, a pointwise decrease of 6.2 dB translates to an increase of over 3005 in target luminance. The corollary of this is that, wherever possible, assessments should always be based on the average of multiple test locations and/or multiple examinations.
Finally, it is important to note that, due to the physical configuration of the current MAIA device, we were able to reliably test only children aged 9 years and older. During piloting, some younger children were able to complete examinations while standing. However, these children reported substantial discomfort, and generally failed to complete the full study protocol. Those children younger than 9 who could be seated comfortably generally appeared to perform the test without difficulty, and their results did not, prima facie, appear to differ substantively from those reported for older children in the present study. However, it remains to be seen exactly what the minimum feasible age is for MP, and how completion rates and reliability vary among very young children (i.e., who, for example, exhibit poorer fixation stability 29 and struggle to inhibit saccadic fixations 30 ).
Sensitivity
Adult sensitivity values were consistent with expected normative values, as well as with data from previous studies ( Table 2 ). For example, in examination 3, group mean MS was 29.5 dB for adults, versus the expected normative value of 29.8 dB. In contrast, children's group mean MS values were 1.9 dB poorer than those of adults (2.2 dB below adult normative data). To put this 1.9-dB difference in context, an MS deficit of 2 to 3 dB is often considered clinically 31, 32 and/or statistically 33 meaningful. To avoid incorrectly classifying visual fields from healthy children as abnormal, it is therefore recommended that, in the short term, the classification boundaries for abnormal/suspect/normal performance be down-adjusted by 1.9 dB when testing children. In the longer term, it may be possible to resolve this age-related difference in sensitivity by accounting for factors such as inattentiveness and fixation stability, as discussed below.
Children's lower sensitivity estimates do not appear to be an artifact of random measurement error, as age-related differences were consistent and robust. Children exhibited a level of interobserver variability similar to adults (SD ¼ 1.5 dB vs. 1.4 dB in adults), and the 1.9-dB deficit is consistent with previous data from ordinary static threshold perimetry. For example, Patel and colleagues 34 reported a 1.85-dB deficit among 9-to 11-year-olds (grid ¼ 6248), while Tschopp and colleagues 35 reported a~1-dB deficit in 7-and 8-year-olds (grid ¼ 638).
Children's reduced sensitivity estimates are also unlikely to reflect physiological immaturities, since retinal cell layers are generally fully developed by 10 years of age, 36, 37 and the fovea itself appears morphologically mature by 24 months post term. 37, 38 Instead, Tschopp et al. 35 suggested that age differences in perimetry may be due to gradual maturation in selective visual attention, with the need to fixate a central fixation target causing a form of ''cognitive tunnel vision'' in younger children. The pattern of sensitivity estimates observed in the present study are consistent with this hypothesis, in that children's deficit was most pronounced at more eccentric locations (38 and 58) and smaller around the center (18, 08) . However, while differences in selective attention may be part of the explanation, they cannot obviously account for why children exhibited poorer fixation stability than adults.
One further possibility is that children's unstable fixation and their lower sensitivities are both symptoms of some more global immaturity, such as a general lack of attentiveness. This could be assessed in future by adding explicit catch trials to the test protocol in order to assess children's false-negative (lapse) rates and false-positive rates (trigger errors). 39 Previous work by Tschopp and colleagues 40 has shown that lapse rates measured in this manner are strong predictors of children's thresholds on standard automated perimetry; and on this basis, it seems plausible that such lapses may also explain some or all of children's deficits in MP. A second/additional possibility is that children's reduced sensitivities were a direct consequence of their reduced fixation stability. Substantial reductions in visual sensitivity are known to occur during eye movements, 41, 42 and children made more and larger eye movements than adults (e.g., due to ''searching'' behaviors, physiological nystagmus, or failure to suppress instinctual foveation behaviors). Such eye movements may have caused children to miss some suprathreshold stimuli altogether. Furthermore, even when a saccade concluded before stimulus presentation was complete, the effective duration of some stimuli may have been reduced (and for brief stimuli, Bloch's law states that luminance detection thresholds are dependent on stimulus duration 43, 44 ). Finally, eye movements toward a stimulus on trial T may have led to the stimulus on trial Tþ1 being misplaced onto a more eccentric (i.e., less sensitive) retinal location. Ideally, any such eye movements should have been automatically compensated for, since the MAIA is explicitly designed to quantify and correct for changes in gaze location. However, the sampling rate of the MAIA's integrated eye tracker is only 25 Hz, and this, while sufficient for detecting gross changes in preferred retinal locus, is orders of magnitude too slow for the system to compensate fully for brief, rapid eye movements such as saccades and microsaccades. This means that excessive fixation instability is still likely to affect sensitivity estimates. In future studies it would therefore be instructive to see whether children's fixation stability can be improved, either through practice, instruction, reward, or the use of a more engaging fixation target, and whether, as has been found in some adults, 45, 46 improvements in fixation stability lead to improvements in estimated visual sensitivities.
In this regard, the fixation target in the MAIA may be considered particularly poor, consisting as it does of an annulus (Fig. 1) . The advantage of this design is that it allows targets to be presented at the direct center of the macula (i.e., inside the target). However, participants often reported being confused about exactly where they were supposed to fixate, and previously it has been shown that such ''hollow'' (pericentral) targets result in quantifiably poorer fixation stability than a simple cross or dot. 47 Thus, it may be that a simple change in fixation target may increase test reliability in some children. In younger children, however, it may be necessary to take more extreme measures to inhibit the foveation saccades that are normally triggered by the sudden appearance of light stimuli in the visual field (Ygge JE, et al. IOVS 2004;45:ARVO E-Abstract 2512). 29, 48 For example, researchers have previously tried using a moving fixation target, which must be tracked using a joystick, 49 or a brief display in the fixation square of a graphic symbol, which the subject has to name correctly for the test to proceed. 50 It remains to be understood, though, precisely how the benefits of these approaches (e.g., in terms of test accuracy and reliability) trade off against the concomitant increases in test duration and complexity.
Learning
A substantial learning effect was observed in both children and adults, with sensitivity increasing between exams 1 and 2, though not between exams 2 and 3. This implies that sensitivity is substantially underestimated during the first examination. Failure to appreciate this potential confound could cause the beneficial effects of a treatment to be exaggerated or a progressive deterioration in visual function to be occluded.
Based on present data, the immediate recommendation is to discard the results of the first examination, and to use the second test as the baseline (as has been suggested previously for adults 10 ) (Wong E, et al. IOVS 2013;54:ARVO E-Abstract 3603). It is unknown whether this procedure would have to be repeated every session (i.e., or whether any learning is retained for weeks/months between visits). However, this would be straightforward to assess in future empirical studies.
In the longer term, the additional demands of a ''practice test'' should be tempered against the fact that children's fixation stability deteriorated markedly during exam 3-a fact that we interpret as a likely sign of fatigue. Since the majority of learning on psychophysical tests tends to occur within the first few trials, 51, 52 it may therefore be beneficial to develop a formal practice regimen capable of inducing asymptotic performance rapidly, without having to complete an entire examination. For example, using the Octopus static perimeter, Tschopp and colleagues 48 found that around 75 trials was sufficient training for an 8-year-old child, compared with the several hundred trials that occur within an entire complete test. Since in the present data the test locations were interleaved, it was not possible to confirm whether 75 practice trials is also sufficient in MAIA MP. However, given the similarity of the two procedures, a comparable figure seems likely. It is worth noting though that in Tschopp's data, the amount of practice required varied with age and increased substantially for younger children. This highlights the importance of avoiding a ''one size fits all'' approach to pediatric assessments and the need to tailor examination protocols to the needs and requirements of the individual.
CONCLUSIONS
1. Microperimetry is feasible in 9-to 12-year-old children.
Most children were able to successfully perform three consecutive MP assessments, with only two (6%) needing to be excluded due to fussiness. 2. However, children exhibited poorer test-retest reliability, in terms of both MS (CoR 95 ¼ 2.7 vs. 2.3 dB, P ¼ 0.036) and PWS (CoR 95 ¼ 6.2 vs. 5.7 dB, P < 0.001).
Given the magnitude of variability, it is recommended that independent estimates be averaged wherever possible. 3. Estimated sensitivity was 1.9 dB lower in children than adults (MS ¼ 27.6 vs. 29.5 dB, P < 0.001). This suggests that the classification boundary for ''healthy'' performance should be lowered in children, pending development of techniques to improve attentiveness/fixation that may reduce or remove this difference. 4. Children's lower sensitivities were correlated with their poorer fixation stability (BCEA 95 ¼ 4.58 vs. 1.14, P < 0.001). This may represent greater inattentiveness among children-a possibility that could be assessed by incorporating explicit catch trials into the current test design. Additionally, there may be a direct causal relationship between fixation stability and estimated sensitivity. This could be evaluated by using alternative fixation targets, which have already been shown to promote fixation stability in adults. 5. Both children and adults exhibited substantial practice effects, with sensitivity increasing significantly between examinations 1 and 2 (DMS ¼ 0.5/0.9 dB, P 0.017), but not between examinations 2 and 3 (DMS ¼ 0.1/0.2 dB, P ‡ 0.374). Such learning is an important potential confound, and based on this, it is recommended that the results of the first examination be discarded, at least until an effective training protocol can be developed.
